Abstract: Multiplexed nanobarcodes have been prepared with quantum dots (QDs) and alternating amphiphilic copolymers consisting of hydrocarbons and maleic anhydride groups. In homogeneous solution, the QD-polymer complexes grow epitaxially into nanobeads of narrow size dispersity, which has been previously achieved only for micrometer-sized beads in the presence of solid supports. As a result of this new nanostructure formation mechanism, more than 250 QDs can be loaded into a nanobead of 100 nm in diameter. A model assay for sensitive detection of human prostate specific antigen has also been demonstrated using the QD-nanobeads as fluorescent reporters. This nanoparticle-polymer self-assembly technology is capable of producing a variety of nanostructures and is expected to open new opportunities in nanoparticle-based ultrasensitive detection and imaging.
Introduction
The development of fluorescent probes that are stable, compact, and significantly brighter than traditional fluorophores (e.g., organic dyes and fluorescent proteins) is of considerable interest to many research areas including DNA sequencing, gene expression profiling, molecular imaging, fundamental biophysics, as well as clinical diagnostics.
1-5 Despite recent success with semiconductor QDs, which are 20-50 times brighter than single-dye molecules, fluorescent probes with improved brightness and multiplexing capability are still needed for analysis of low-abundance targets in bioassays including single-molecule detection, immunoassays, and fluorescence in situ hybridization, and for understanding of complex human diseases involving a large number of genes and proteins (e.g., cancer and atherosclerosis).
In this context, optical encoding technologies achieved by multiplexing colors and fluorescence intensities of fluorophores have become an attractive strategy because a large number of high-brightness probes can be readily produced.
6-10 Compared with organic fluorophores, semiconductor QDs are of particular importance to this application because of their favorable optical properties such as simultaneous excitation of multiple colors with a single light source, minimal spectral overlap between adjacent colors, and remarkable photostability. [11] [12] [13] For example, we have previously reported the preparation of QD-tagged optical barcodes by incorporating multicolor QDs into mesoporous microspheres at predefined intensity ratios.
14 The use of 10 intensity levels of 6 colors has a theoretical coding capacity of one million (10 6 ). The encoded microspheres are highly fluorescent and uniform, because they typically contain 5,000 -10 million QDs per bead depending on the microbead size and doping level. This remarkable nanoparticle doping capacity has also captivated scientists to develop alternative preparation methods (e.g., nanoparticle layer-by-layer deposition) and improved readout apparatuses: [15] [16] [17] [18] Unfortunately, because of the large size (typically 1-15 µm), these QD-doped microspheres are not suitable for applications such as gene, protein and cell labeling.
Toward the development of uniform and bright QD-encoded beads in the nanometer regime, a few attempts have been made. Most common reaction schemes include encapsulation of ‡ Current address: Department of Chemical Engineering, South China University of Technology, Tianhe, Guangzhou 510640, China.
(1) Xie, X. S.; Yu 24 and blockcopolymer micelles. [25] [26] [27] However, these existing methods are limited by low nanoparticle loading capacity, fluorescence quenching, or broad size distribution. For example, QD-doped silica beads can be made with low size distribution, but only a small number of QDs can be incorporated, 19, 20 and their quantum efficiency is often significantly reduced (75% decrease). 21 This is because the optical properties of QDs are highly sensitive to the environment in contrast to embedded metallic and magnetic nanoparticles. [28] [29] [30] [31] In this regard, the block copolymer based micelle formation should be more attractive because high-quality QDs (prepared in organic solvents at elevated temperatures) are generally clustered in the hydrophobic core of block copolymer micelle. 27, 32 On the other hand, the micelle size distribution are much broader than silica nanobeads, 27 and the number of QDs can be encapsulated is still limited. Therefore, new methods are needed to simultaneously achieve the high brightness and narrow size dispersity for widespread application of the nanobeads in fluorescence based imaging and detection. In addition, multicolor doping with tunable fluorescence intensity ratios and low level of fluorophore self-quenching in the nanometer regime has not been achieved.
Results and Discussion
Here, we report a new approach for the preparation of QDtagged nanobeads based on epitaxial growth of nanoparticleamphiphilic polymer complexes in homogeneous solution. This new generation of fluorescent probe is uniform in size, thousands of times brighter than single organic dyes, stable against photobleaching, and free of 'blinking' effect. The key finding was an amphiphilic alternating copolymer that is not only capable of coating multicolor QDs but also capable of preventing them from forming irregular agglomerates. In contrast to nanoparticles clustered inside block copolymer micelles, the QDs are preprotected by the amphiphilic alternating polymers, thus preventing them from 'touching' each other. The encapsulated QD-polymer complexes self-assemble epitaxially into nanobeads with QDs distributed inside homogeneously. This process is similar to the growth of nanocrystals except that the building blocks are not ions or small molecules but are nanoparticles. As schematically illustrated in Figure 1a , QDs and poly(maleic anhydride-octadecene) (PMAO) bond to each other via multivalent hydrophobic interactions. The QD-PMAO conjugates are highly soluble in tetrahydrofuran (THF) but form aggregates in polar solvents such as dimethylformamide (DMF). Interestingly, a solvent gradient created by slow addition of DMF into THF leads to epitaxial growth of highly fluorescent nanobeads with narrow size dispersity. In this process, the PMAO polymer plays a critical role in controlling the nanobead size and size distribution.
It is noteworthy that similar QD-polymer hybrid structures have been previously reported by several groups including our own for solublization of single hydrophobic QDs. [33] [34] [35] [36] For example, Manna, Parak and co-workers developed a simple and versatile procedure for solublization of hydrophobic semiconductor, metallic, and oxide nanoparticles using low-molecular weight poly(maleic anhydride-tetradecene) (M w ≈ 9,000). 34 In contrast, the PMAO copolymers used in the current research are significantly larger (M w ) 30,000-50,000) and are insoluble in aqueous buffers. To increase the water solubility of this polymer, Colvin et al. has grafted it with multiple polyethylene glycol (PEG) chains for stabilization of single QDs. 36 Using single-color QDs, we systematically investigated the conditions for nanobead formation. Dynamic light-scattering measurements indicate that QDs remain single in THF/DMF solvent mixture when DMF concentration is under 20% in volume ( Figure 1b ). Increasing DMF concentration from 20% to 30% leads to spontaneous formation of QD-nanobeads as indicated by the size shift from approximately 10 to 100 nm. This self-assembly process is highly efficient at encapsulating QDs. Fluorescence measurement of single QDs left in the supernatant after isolation of nanobeads by centrifugation indicates that more than 95% of QDs are incorporated into the nanobeads ( Figure 1c ). To further enhance the nanobead stability, such as preventing potential QD leaching or release in bioassays, the polymer chains in the nanobeads are crosslinked with small-molecule diamines. Due to the rich anhydride contents in PMAO polymer and the high reactivity between anhydrides and primary amines, no catalytic reagents are needed to cross-link the polymers into a stable network. Similar reaction of cross-linking of neighboring polymer chains has been previously demonstrated with block copolymers for enhanced micelle stability. 37, 38 Following the nanobead formation, the resulting fluorescent nanobeads must be made water-soluble for biological applications. We found that the nanobeads isolated by centrifugation cannot be directly suspended in aqueous buffers. This is understandable because the majority of the anhydride groups are not hydrolyzed into carboxylic acids, and thus the nanobeads are not sufficiently hydrophilic. We solved this problem by using a slow dialysis procedure against Tris buffer, which contains 20 mM tris(hydroxymethyl)aminomethane for efficient hydrolysis of the anhydride groups as the solvents gradually change from the THF/DMF mixture to aqueous solution. The resulting nanobeads are stable in aqueous buffers for at least several months. Figure 2 shows a series of water-soluble nanobeads doped with single-color QDs. The nanobeads are uniform in size and highly luminescent. The sizes of these monochrome nanobeads are about 100 nm in diameter, which is suitable for molecular and cellular labeling. Single-particle fluorescence spectroscopy reveals that the nanobeads are significantly brighter than the constituting single QDs. This remarkable brightness can be attributed to the large number of QDs incorporated because the QDs self-assemble into nanobeads in homogeneous solutions without any structural template. In contrast, in our previous report of QD-doped mesoporous microbeads, the QDs only occupy <0.1% of the total bead volume at the highest doping level, 39,40 which resulted in a low density of incorporated nanoparticles. Note that both the multicolor-nanobead solutions and microscopic images were obtained using single light sources, a hand-held UV lamp and a mercury lamp, respectively. Simultaneous excitation of multiple colors is a unique optical property of QDs and will have significant impact on bioassays such as fluorescence cross-correlation spectroscopy (FCCS), because cofocusing of two or more laser beams is an exceedingly difficult task due to chromatic and spherical aberrations of the microscope objective. 41 Indeed, this has been a major problem for dual-probe-based imaging and detection when organic dyes or organic dye-labeled nanobeads are used.
41-43
Next, we thoroughly characterized the structural and optical properties of QD-nanobeads. The size of red QD-doped nanobeads was measured by both transmission electron microscopy (TEM) and dynamic light scattering (DLS). The 'dry' size of the nanobeads measured by TEM is 92 ( 13 nm (Figure 3a) , whereas the DLS measurement indicates that the hydrodynamic size of nanobeads in solution is 112 ( 18 nm (Figure 3b ). The discrepancy between the two measurements could be attributed to two effects. First, because the nanobeads are made from polymer-coated QDs that are interconnected, they are unlikely to be rigid structures in solution. When the solvent is dried (such as the condition of TEM measurement), the polymer-coated QDs could collapse closer to each other, which shrinks the nanobeads. Second, the nanobeads are highly negatively charged in aqueous buffer due to the abundant carboxylic acid groups. This negative surface charge not only prevents nanobeads from aggregation but also creates an electrical double layer in aqueous buffers, thereby slightly increasing the colloidal hydrodynamic radius compared to the actual size. Fluorescence imaging confirms the low size dispersity of the nanobeads. As shown in Figure 3c , the red QD-doped nanobeads are uniform and highly fluorescent. Wavelength-resolved spectroscopy measurement of single nanobeads indicates that the nanobeads are as bright as approximately 200 single QDs. This number is calculated by dividing the average fluorescence intensity of nanobeads by that of the single QDs. Statistical analysis of a population of more than 100 nanobeads shows that the standard deviation of their fluorescence intensity is 30%. This value is close to the calculated variation of the nanobead volume using its radius (24% variation based on TEM and 28% variation based on DLS), suggesting that the observed fluorescence signal variation is mainly determined by the nanobead size uniformity. Although this intensity distribution is not as 27 In general, preparation of nanobeads with highly uniform fluorescence intensity is extremely difficult because of the small number of QDs that can be incorporated relative to microspheres. As a consequence, small variations in bead sizes and spectroscopy measurement conditions, in addition to shot noise, will translate into significant variance in single-bead fluorescence intensity.
The parameters that control nanobead size and size distribution are not entirely clear through current studies. Above a critical DMF concentration, QD-PMAO cluster into nanobeads due to their low solubility in DMF. The PMAO molecules distributed at the interface of nanobeads and the solvent mixture help lower the interfacial energy. The nanobeads are unlikely to be equilibrium structures, which favor the formation of large agglomerates. Therefore, the size and tight size distribution might be controlled by kinetics in which high percentage of DMF (in the current experiment ∼30%) freezes the growth of nanobeads at a certain size, leading to formation of uniform and stable QD clusters. We note that this and other possible mechanisms deserve further systematic studies. Nevertheless, if the nanobead formation is indeed controlled by kinetics, their size and size dispersity will be tunable by changing experiment conditions such as polymer composition, nanoparticle and polymer concentrations, and the rate of polar solvent addition.
The fluorescent micrograph also shows that the QD-nanobeads do not 'blink' under continuous excitation. The blinking effect is characteristic of single quantum systems such as singledye molecules and single QDs, 44, 45 and this on-and-off behavior could be problematic for detection and imaging of fast biological processes, such as biomolecular transport and trafficking. Although individual QDs exhibit the fluorescence intermittency, the nanobeads, which contain an ensemble of QDs, collectively have constant fluorescence intensity.
An important question to ask is how many QDs are incorporated into each nanobead. TEM measurements at high magnification can resolve individual QDs (inset of Figure 3a ), but the image is a two-dimensional (2-D) representation of a three-dimensional (3-D) structure, which makes it impossible to count the number of QDs per bead. We, therefore, estimated the number on the basis of the optical properties. Comparison of the fluorescence quantum efficiency (QE) of the nanobeads and the original single QDs in THF indicates that the QE of nanobeads is 25% lower than that of QDs, which is typically around 30-40%. (The concentration of QDs in the nanobead samples was first derived from the UV absorption measurement. Fluorescence intensity was then evaluated for QD solution and nanobead solution at the same absorbance value.) This QE reduction likely resulted from concentration-dependent fluorophore self-quenching, a phenomenon first observed in the 1880s. 46 When fluorophores are in close proximity to each other, such as under high concentration, the fluorescence intensity does not increase linearly with increasing concentration of fluorophores and may even decrease. Because the fluorescence intensity of single nanobeads is as bright as 200 single QDs (see the single-bead spectroscopy measurement discussed above) and because their QE is 25% lower than single QDs, we . Despite the variance in QD spacing, this calculation suggests that average distance between two adjacent QDs is approximately 14 nm (center to center), which matches the result of theoretical analysis of the particle packing geometry (schematically illustrated in Figure 3e ). Considering the radius of red QDs of 3 nm and the intercalating hydrocarbon layer from QD surface ligands and PMAO polymer of 2-4 nm in thickness, the overall distance between two QDs (center to center) will be approximately 10-15 nm, which is also equivalent to the diameter of the polymer-coated QD. Indeed, recent TEM study of single QDs coated with the same PMAO polymer with an additional layer of poly(ethylene glycol) (PEG) showed an overall size of 17 nm, 36 which is slightly larger than our results due to the PEG layer. We also note that additional optimization of this technology is needed to reduce or eliminate the QD self-quenching. This could be achieved with increased separation distance between QDs, such as by using amphiphilic polymers grafted with longer side chains.
Following the study of single-color nanobeads, we proceeded to a more challenging task, making homogeneous dual-color QD-nanobarcodes. Optical barcoding based on fluorescence intensity-color multiplexing can produce more fluorescence probes using a limited number of colors. To demonstrate the feasibility, monodisperse QDs with fluorescence emission maxima at 520 nm (green) and 615 nm (red) were premixed at various fluorescence intensity ratios and used in the incorporation experiment. Figure 4 shows quantitative doping results obtained from the dual-color encoded beads. Using two intensities, there are three unique intensity ratios (green/red 1:2, 1:1, and 2:1). The nanobarcodes with ratios of 2/1, 1/1, and 1/2 appear yellow, orange, and red,respectively, in fluorescence imaging. Spectral measurement of nanobeads in solution confirms the three fluorescence intensity ratios as shown in Figure 4 d-f. Despite these encouraging results, our initial concern was whether the fluorescence intensity at the ensembleaverage level represents those of individual nanobarcodes. To address this question, we exploited a novel hyperspectral imaging approach 47, 48 that is capable of examining the spectral features of a large number of nanobeads under exactly the same conditions. A standard hyperspectral imaging setup includes two major components, a passband controlling device (such as liquid crystal tunable filter and diffraction grating) and a scientificgrade monochrome charge-coupled device (CCD). Controlled by data acquisition software, the filter or grating automatically steps in a certain wavelength while the camera captures a series of images (image cube) of the sample at each wavelength with constant exposure. This process is repeated for each pure spectral component to generate a spectrum library, which is then used to quantitatively deconvolute mixed colors into separate channels. In our experiments, a tunable filter was set to automatically step in 2 nm (tunable at 1 nm precision). The spectrum at every pixel (or binned as region-of-interest (ROI)) are extracted from the image stack.
More than 100 nanobeads with green/red intensity ratio of 1/2 were analyzed as an example. As can be seen from Figure  4g , the fluorescence intensity ratios are remarkably robust, although the absolute intensities could vary considerably from bead to bead (because of variations in bead size). As reported by Weiss and co-workers for biomolecular imaging, ratiometric measurements are much more reliable than absolute intensities because the ratio values are not affected by simultaneous drifts or fluctuations of the individual signals. 49 The average fluorescence intensity ratio is 0.44 in contrast to the value (0.5) measured by a fluorometer. This is because of the different spectral responses of the detectors in fluorometer and hyperspectral imaging systems, which are based on a photomultiplier tube and a monochrome silicon CCD, respectively.
To demonstrate the application of QD-nanobeads in biomolecular imaging and detection, we functionalized the nanobeads with streptavidin using standard carbodiimide cross-linking chemistry and designed a model immunosandwich assay for prostate specific antigen (PSA) detection. As schematically illustrated in Figure 5a , rabbit-antihuman PSA polyclonal antibodies were coated on a 96-well microplate as the capture probe. Serial dilutions of human PSA (target molecules) were added into the microplate followed by incubation with monoclonal mouse-antihuman PSA antibodies. Biotinylated antimouse IgG and the nanobead-streptavidin bioconjugates were used to generate a fluorescent signal for detection and quantification with a microplate reader. Although the off-the-shelf plate reader is not optimized to measure the fluorescence of a monolayer of nanobeads on microplate surface, Figure 5b shows that PSA molecules still can be readily detected with detection sensitivity in the subnanomolar range. If spectrometers are used in conjunction with fluorescence microscopes, the perfectly focused QD-nanobeads are detectable on single bead level. Further development and optimization of the QD-nanobead technology (such as using poly(ethylene glycols) 50 as spacers between nanobeads and streptavidin) in combination with exquisite assay design and advanced instrumentation should significantly enhance the detection limit.
Conclusion
In summary, we have developed a new generation of encoded nanobeads using QD-alternating copolymer com- plexes. In comparison with QDs embedded in traditional block-copolymer micelles, a key feature of this new technology is that the QDs are precoated with amphiphilic polymers prior to formation of nanobeads, which prevents physical contact between QDs. A solvent mixture of THF and DMF leads to epitaxial growth of uniform and highly fluorescent nanobeads from QDs in homogeneous solution without the need for structural templates. As a result of this new bead formation mechanism, a large number of multicolor QDs can be loaded into a nanobead of narrow size dispersity. A model sandwich immunoassay for PSA detection was also demonstrated by conjugating QD-nanobeads with streptavidin molecules. Further development and optimization of this technology should offer new opportunities to ultrasensitive detection of genes, proteins, and cells in fundamental biophysics as well as clinical diagnostics.
Experimental Methods
Reagents and Instruments. Poly(maleic anhydride-alt-octadecene), 2,2′-(ethylenedioxyl) bis(ethylamine), Sulfo-NHS, EDC, BSA, and Tween-20 were purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification. PSA antigen and antibodies targeting PSA were obtained from Fitzgerald Industries International, Inc. (Concord, MA) and Biodesign International (Saco, ME). Ninety-six-well microplates with high-binding surface and clear bottom were a gift from Corning Incorporated Inc. (Corning, NY). A UV-2450 spectrophotometer (Shimadzu, Columbia, MD) and a Fluoromax4 fluorometer (Horiba Jobin Yvon, Edison, NJ) were used to characterize the absorption and emission spectra of QDs and QD-nanobeads in solution. The dry and hydrodynamic radii of QDs and QD-nanobeads were measured on a CM100 transmission electron microscope (Philips EO, Netherlands) and a Zetasizer NanoZS size analyzer (Malvern, Worcestershire, UK). True-color fluorescence images were obtained with an IX-71 inverted microscope (Olympus, San Diego, CA) and a Q-color5 digital color camera (Olympus). Broad-band excitation in the near-UV range (330-385 nm) was provided by a mercury lamp. A long-pass dichroic filter (400 nm) and emission filter (420 nm, Chroma Technologies, Brattleboro, VT) were used to reject the scattered light and to pass the Stokes-shifted fluorescence signals. Wavelength-resolved fluorescence spectroscopy was accomplished by coupling the fluorescence microscope with a USB4000 single-stage spectrometer (Ocean Optics, Dunedin, FL). For single particle fluorescence measurement, a pinhole of 200 µm diameter is placed at the objective focal plane between the spectrograph and microscope to reject the out-of-focus lights. The QDs and QD-beads were manually positioned, and spectra were recorded. The average fluorescence intensity of single nanobeads and QDs were used to calculate the number of dots per nanobead. For hyperspectral imaging, the images were obtained with a Nuance hyperspectral imaging machine that has a response to a spectral window from 500 to 950 nm (Cambridge Research and Instrumentation, Inc. Woburn, MA). The immunoassay experiments were carried out on a TECAN Safire TM plate reader (Switzerland). Preparation of QD-Nanobeads. Purified QDs (0.2 µM) and PMAO polymers (2.5 µM) were mixed in 0.2 mL of THF in a glass vial, followed by slow addition of 0.8 mL of DMF under vigorous stirring. The concentration of QDs was determined by UV absorption using the molar extinction coefficients for CdSe QDs previously determined by Peng and co-workers. 51 2,2′-(Ethylenedioxyl) bis(ethylamine) in DMF (10 mM, 2.85 µL) was added into the solution to cross-link the neighboring polymer chains. The solution was stirred at room temperature for 1 h before the dialysis against Tris buffer (20 mM, pH10). The nanobeads were isolated by centrifugation and washed multiple times using borate buffer (10 mM, pH8.1) to remove free polymers and diamines in the solution. For multiplexed nanobarcode preparation, a procedure similar to the single-color nanobead preparation was used except a mixture of green and red QDs (fluorescence emission maxima at 520 and 615 nm) at desired intensity ratios was used.
Conjugation of Streptavidin to QD-Nanobeads. Red QDnanobeads suspended in 1 mL of borate buffer (10 mM, pH8.1) were incubated with 50 µL of EDC (1 wt %) and 100 µL of Sulfo-NHS (1 wt %) for 15 min. Ten microliters of streptavidin at a concentration of 5 mg/mL was then added and incubated with QDnanobeads for 2 h. The bioconjugates were spun down to remove the unbound streptavidin, and this process was repeated twice. The purified bioconjugates were dispersed in borate buffer with 1 wt % BSA.
PSA Sandwich Immunoassay. Standard sandwich immunoassays were performed for PSA detection using QD-nanobeads. To immobilize PSA capture antibody, a 96-well microplate was incubated with polyclonal rabbit-antihuman PSA antibodies (100 µL, 4 µg/mL) at 4°C overnight. The microplate was washed with PBS buffer (10 mM, pH 7.4) with 0.05% Tween-20 (PBST). BSA molecules (100 µL, 2 wt % in PBS buffer) were added to block any uncoated regions. The microplate was again washed with PBST before a series of dilutions of human PSA were introduced into the microplate and incubated for 1 h. After removing unbound PSA, monoclonal mouse-antihuman PSA antibodies (100 µL, 4 µg/mL ) were added to form the sandwich. The microplate was subject to incubation with biotinylated antimouse IgG and streptavidin labeled with QD-nanobeads or FITC for fluorescence-based detection.
